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I (e.g^ an anode and a cathode) dis- 
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^ROGmMMAlBLE MkTALUZAfiON tEU STAVCWftE 
AND MtrnOD OF MAKING SAME 

The present invention relates, generally, to a programmable rhetallizatidn ceil 
5 comprising a fast ion conductor, a plurality of electrodes and a voltage-controlled 
metal structure or dendrite formed at the surface of the fast Ion conductor between 
ttle electrodes, and more particularly, tO devices such as electronic memory, 
programmable resistors and capacitors, iritegrated optical devices, and sensors 
utilizing the programmable metallization cell. 

1 P BStkgrouhd An and Technical Problems 
Mbrnbry Devices 

Memory devices are used in electronic systerns and computers to store 
irtformation in the form of binary data. These memory devices may be characterized 
into various types, each type having associated wWh it various advantages and 
15 diSadvaiitage^. 

For example, random access memory {-RAM") which may be found in personal 
corhputers is volatile semiconductor memory; in other words, the stored data is lost 
if the povtfer Source is disconnected or removed. Dynamic RAM ('DRAM") is 
particularly volatile in that if rhust be "refreshed- {i.e. recharged) every few 
20 itiicrtiseeonds in Ordef tb m&ihtein the stored data. Static I^AI^ (-Sf*AM-) will hold 
the data after orte writirig so lori^ as the power source is maintained; brice ihe power 
Source is disconnecfed. hoWeVer. the data is lost. Thus, in these volatile memory 
configurations. Irif orrtr.ation is only retained so long as the power to the system is not 
turned off. 

25 CD-ROM is an example of non-volatile memory. CD-ROM is large enough to 

contain lengthy audio and video segments; however, information can only be read 
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ffcirri and not written to this rhemory. Thus, ohce a CD-ROM is programmed during 
rfVartufadtUre, it cdnnot be reprOgrammed with new irifdrmation. 

Other storage devices such as magnetic storage devices (i.e., floppy disks, hard 
diski and magnetic tape) as well as other systems, such as optical disks, are non- 
5 Volatile, have extremely high capacity, and can be rewritten many times. 
Unfortunately, these memory devices are physically large, are shockMbration- 
: sctnsitive, recjuire Expensive mechanical drives as well as consume relatively large 
^moiirits of power. These negative aspects make these memory devices non-ideal 
for low power portable applications such as lap^top and palm-top computers and 
16 .jf^ersbnai digital assistants (''PDAs"). 

Due to the rapidly growing numbers of compact, low-power portable computer 
systems in which stored information changes regularly, read/write semiconductor 
iTierhories have become widespread. Furthermore, because these portable systems 
reqiiirfe data storage when the power Is turned off, a non-volatile storage device Is 
15 required. The simplest prbgirarhmable semiconductor non-volatile memory devices in 
these computers are programmable read-only memory ("PROM"), The most basic 
PROM uses an array of fusible links; ohce programmed, a PROM cannot be 
repro&rammed. This is an example of a write-once read-many ("WORM") memory. 
The erasable PROM ("tf^fiOMn is alterable, but each rewrite must be preceded by an 
20 erase step inivdivihg exposure to ultra violet light. The electrically erasable PROM 
rEEPROM* or ''E^PROM') i& perhaps the most ideal of cohventidnal non-vofetile 
; s^fhibohdujetbr jrhem as it can bfe Written to mahy times. Flash rhemories, anbther 
typfe bf EEPftOM. have hiQher capacity than the low density, traditional EEPROMs biit 
lack their endurance. One major problem with EEPROMs Is that they are inherently 
25 complex, the floating gate storage elements that are used in these memory devices 
are difficult to manufacture and consume a relatively large amount of semiconductor 
real estate. Furthermore, the circuit design must withstand the high voltages 
necessary to program the device. This means that an EEPROM's cost per bit of 
rhemory capacity is extremely high compared with other means of data storage. 
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Ahoth^r dfeadvahtage of EEPROMs Is that although they can retain data without 
havih^ the power s6urce connected, they require relativefy lafge amounts of power 
to prbQram. This power drain can be considerable in a compact portable system 

r poWiDred by a battery. 

5 Recehtly, a great amount of attentlbn has been given to an altferhative non- 

volatile rtr,errtory tfechhol69V based oh ferroeleci^^^^ Unfortunately, thfere Is 

still a great number of problems associated with this data storaQe approach that have 
prevented the Widespread apNIcatioh of ferroelectric materials, the various problems 
including hon-ideal storage Characteristics and extreme dHficutties in manufacturing. 

10 ^^'=°'*"9»y' irt view of the various problems associated with conventional data 

storege devices described above, it is highly desirable to have a read/write memory 
.technology and device which is Inherently simple and inexpensive to produce. 
Furtfermbrfe, this memory technology should meet the requirements of the new 
gfeneratron of portable computer devices by operating under a low voltage while 
1 5 providing high storage density, non-volatility, and a low manufacturing cost. 
Progranimable Pa>ssive and Active Components 

Electrbftic circuits m&y comprise literally millions of component parts. These 
component Ms gfeherally fall into two distinct categories, namely, passive 
damp6nents arid active fcomponents. F^assive components, such as resistors and 
20 capacitors, have electrical values associated with them which are relatively constant. 
Oh the other hdhd. the electrical values of acth/e compor«ntS. such as transistors 
. ^ ^ are designed^ chahge wheh a voltage or curreht applied to cbntrol electrodes. 
: . Bec^fOs^e -bf. thg extensive use of these two ty^es of components. It is highly 

desirable to b^^^e a low-cbst device v^hich may perform both the functions of a 
25 passive cdmpPnehf and an active component. For example, it would be highly 
desirable to have a device that acts as an active component which responds to ar, 
applied signal by altering its resistance and capacitance and yet, in an ahemate 
embodiment, the same device acts as a passive component which can be pre- 
programmed (i.e.. the change is "remembered" by the device after programming is 
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etmptm: such a device wbiild be dble t& be imptementted in mdny diverse 
. applications from tUrfed Circuits in cbnrtmunicatiohs ecitiipment to volume controls in 
. audio systems. 
.-. 5(»tidal Devices ' ' 

5 Recently, there has been ah ehorihous dernand for various optical devices such 

as diS^>lay devices fbr lap^top computers, high definition television (-HDTV), spatial 
llaht modulators, and th6 like. It would be Wghly desirable to have a low cost, highly 
mariuf aettir&ble devicfr that rhay be utilized iri such optical devices as. for example, 
a sfiutt^ to block the passage of light through an optical cell or as a mirror which 
10 may deflect a sc&hrt6d incident beah) on or off a screen or other target. 

The ifnfeaSUrerhem of exposure to ultraviolet radiation and other forms of 
radfetlon is very important as radiation is believed, for example, to promote skin 
dancer dnd Of her daifA jigind effects to an individual. 
1'5 AcCbftfirigly, it is desirable to have a highly manufactoraWe device that may be 

iised in Ibwr-coit. wavelength sensors or sensor arrays for short wavelength radiation 
such as ultraviolet radiation 110^10' meters), x-rays (10»-ia"). and gamma rays 
bd'>-16-i*). 
Gdh'clu!M6n 

26 Because of the widespread use of devices such as mertwry devices, 

/programmable resistor and capacitor device^, diectro-optical devices, and sensors, it 
is v6iy desirable to a low cost, easy to rfianufacture device that ifiay be 
irti^femferited ih all of these vSrioUs a^j&lic^tions. among others^ 



25 



Sunimgr^r ofthb litvehtioh 

In accordance with an exemplary embodiment of the present invention, a 
pTroirr^iiriiriable rt>etallization cell ("PMC") comprises a fast ion conductor such as a 
chalcogenide-metal ion and at least two electrodes (e.g., an anode and a cathode) 
comprising ari electrically conducting material and disposed at the surface of the fast 
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.on conductor a set dbtante .part frdm each other. Chalcogenide materials as 
referred to herein ihciude ail those compounds InvoNing sulfur, selenium and/or 
t^lunum. In a prefert^d embodimer>t. the fast ion conductor comprises a 
chateoeemde .nd GrPup I or Group II metals {most prefer^, arsenic trisulphide- 
^..Iver), the anode comprises silver and the cathode comprises aluminum or other 
febhducting material. When a voltage is applied to the anode and the cathode, a non- 
- volatile metal dendrite, apidly grows from the cathode along the surface of the fast 
.Oh conductor towards the anode. The growth rate of the dendrite is a function of 

*«*»>P»«»^°'^a9^^nd time; the growth of the dendrite may be stopped by removing 
10 the voltage or the dendrite may be retracted back towards the cathode by reversing 
the Volt^g. pol^ity ,t the .npde and cathode. Changes in the length of the dendrite 
affect the r&sistance artd capacitahte of the PMC. 

Ih accbfdance With one aspect of the present invention, a PMC is utilized as a 
rn^ory stbrage dfevie.. More particularly, by applying a constant or puised bias to 
15 th. cathbde and anode over a period of time, a dendrite of a certain (enath is 
prCKlObed. A^ociated with this dendrite length are measurable electrical parameters 
such as resistance and capacitance. In a preferred embodiment, both anateg or digital 
values may be stbred in the device. 

IrtaecerdaWce With ¥h«her aspect Phhe prdsen^ 
.20 as a prOgrammsbfe resistPr/dapacitor device wherein a specific resistance or 
capacrtance value is programnied by applying a DC voltage for an appropriate period 



of time. 



In accordance With yet ahbther aspect of the preJient invehtion, an electro^ 
optical device corhprises a PMC having electrodes of brPad width. When a large 
25 vcltage is apNied to the electrodes, a dendrite 'sheet' is produced that acts as a 
Shutter to block the passage of light through an optical cell or as a mirror for 
deflecting a scanned incident beam on or off a screen or other target. 

In accordance with still a further aspect of the present invention, a PMC is 
utilized as a short wavelength radiation sensor. Because the growth and dissolution 



fate df the fnetal dieiidriie is s6ilsitive to cfertiafin wavelengths, the difference in the 
growth rate of the dendrite can than be related to the Intensity of the incident 
radiatioh. 

Bmt Descripifdh df th^ tira wfhg Hpijres 
5 The present iriVfention will hereinafter be described in conjunction with the 

appended drawing figures, wherein: 

FliB: lA is a pldh view of a prbgrammable metalliiation cell in a lateral 
cdi^figuratioh in accordance with one embodiment of the present invention; 
FIG. IB is d crosg^sectiohal view of FIG. lA taken from line 1-1; 
10 Fi6, 2 is a graphifc representation showing the relationship between resistance 

iaiSd tliiie in afn exempldry programmable metallization c^lt; 

f=IG, 3 is a graphic representation showing the relationship between capacitance 
and tirhe in an ejcernplary cOhf igtiratiOn of a programmable metallization cell; 

FIG. 4A is a plan view Of a programmable metallization cell in a vertical 
15 configuratfon In acdOrdSnce with another 6mbodirhent of the present invention; 
Fl6. 4B is a fcross-sectional view Of FIG. 4A taken frorri line 2-2; 
FIG. 5A is a plan view of an exemplary lateral type memory device in 
at^cordance With the present invention; 

FIG. 58 is a cros^-sectional view of FIG. 5A taken from line 5-5; 
20 FIG. 5C is a cross-SectioTial view of a lateral memory device in accordance with 

andthfer emibodiment of the present invention; 

FiG. 5b is a cross-sedtiohal view of a lateral mernory device In acctfrdahcfe with 
yet ahbthi^r embodiHrf^t of the present invention; 

FIG. 5E is a crOs;s-sectiohal view of a lateral memory devfce in accordance with 
5fe isitill.y^t another embodiment of the present invention; 

FIG. 6A is a plan view of an exemplary vertical-type memory device in 
accordance with the present invention; 

FIG. 6B is a cross-sectional view of FIG. 6A taken from line 6-6; 



FIG. 7A is a pfen vi6"W of §xeinpiary embodlrrtfent oif a programmable 
resiistance/cap3citahce device in accordance with the presferrt inveiltion; 
F»6. 75 is cross-sedtional view of fIg. 7A talcen from lirie 7-7; 
l^iG. 8A isl a plan vi^w bf a iprbgrSmmable resistahce/dapacitartce. device in 
5 atcbrdante With ^hbther eftibodimdht of the presertt invention; 

FIG. 8B is a cros6-fe6ctiortal view bf FIG. BA taken from line 8-8; 
FIG. 9A is a plan view of an exemplary electro-optical device in accordarjce 
whh the preiseht inVerition; 

FIG. dB is a cfoss-sectlbnal view of the electro-optical device of FIG. 9A taken 
10 ifdrh line 9-9; 

FliS. 1 OA is ii plah vifev»r of an exemplary radiation sensor in accordance with 
the present inv'ehtibh; and 

FIG. 1 0B is a eross-sectionaj view of the sensor of FIG. 10A taken from lirie 
10-1 0. 

1 b betotfeif Detcfiptiondfnr^ferreaExentptofy Embmffmertts 
i. Pfbgrammsbliai MMalilzatioA Cell 

Referring now to FlGS; 1 A arid IB, aii exemplary programmable metallization 
cell ("F^MG") TO ih.a lateral or horiiehfal configuration Is shown in accordance with 
Orte embodiment of the present inverttioft. FlG. lAls apian view of PMC 10 and FIG. 
20 IB is a cross-sectional vi6w of FM& 10 taken from line 1-1 of FIG 3A. PMC 10 
cornpfises a fa^t ion conductor 12 and a plurality of electrodes 13 and 14 (e.g.. 
: esfhbde; 13 arid anbtie 14) disposW at the surface of fast ibh; conductor 12, 
Optibnaily; a supporting substr^^^^ may be provided at the base of fait ion 
conductor 12, above electrodes 13 and 14 <not shown), oV both, to give added 
25 strength and rigidity to device 10. Substrate 11 may appropriately comprise, for 
^icample, plastic, glass, or semiconductor material. 

With continued reference to FIGS. 1 A and 1 B, fast ion conductor 1 2 comprises 
a solid electrolyte, a metal ion-containing glass, a metal ion-comaining amorphous 
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serriicbriductor. a cbaico^enidb-metdl ion, or the like. In the broddest sense, a 
chalcogfenide rhateriai in accordance With the present invehtion includes any 
comiJOuhd contaihiiig sdlfMr, selenium dnd/or teMuriuni, wKdth^r ternary, quaternary 
dr higher cbmpounds. In a (Preferred embodiment, fast ion conductor 12 comprises 
5 a chalcogenide-niet al ion compositioh, the chalcogenide material is i^elected from the 
g^oup consisting of arsenid, germanium, selenium, telluriurh. bismuth, iSickel, suHur, 
polonium and zinc (preferably, arsenic sulphide, germanium Sulfide, or germanium 
selenide) arid the metal comprises various 6rbiip I or Group II metals (preferably, 
silver, copper, zinc or a combination therfeOf). The chalcogehide-metal ion 
16 composition may be obtainfed by photodissolution, by depositing from a source 
comprising the chalcogenide and metal, or by other methods known in the art. 

With cominoed reference to FIGS. 1 A and 1 B. in a most preferred embodimem. 
fast ion conductor 12 comprises arsenic trisutphide-silver ("As^Sj-Ag"). The silver is 
introduced into the AsjSj by illuminating a thin sih/er film and the As^S, layer with 
I S light of wavelenjith less than 500 nanometers. If sufficieM silver is present, the 
piocess results in the formatiori of a ternary compound which is stoichiometrically 
similar to the mineral smithite (AgAsS^). a stable amorphous material. Preferably, 
sufficient silver is deposited on the chalcogenide surface to form the equilibrium 
0haSB throughout the chalcogenide layer. Whfle it is possible for PMC 1 0 to operate 
20 vtfithoot fast ion conductor 12 being in the equilibrium phase, the operation of PMC 
1 0 requires corisidSrably higher voltage. 
; With continued reVeffehce to R6S. 1A and IB, eleetrode^ 13 arid 14 are 
suitably arranged apian from each bther dt the Surface of ffet ion Conductor 12. 
fOrmir>g a distance di in the range of preferably hundreds of micrbris to hundredths 
25 of microns. Electrodes 1 3 and 1 4 may comprise any electrically conducting material 
that will produce an electric field for the rapid transport of metal ions in fast ion 
conductor 12. When a voltage is applied to electrodes 13 and 14, a metal dendrite 
15 grows from electrode 13 (i.e. cathode), the electrode connected to the negative 
pole of the power supply. Dendrite 1 5 grows by precipitation frOm the solid solution 
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of cStidhs (e.g. silver cations) 6h cathode 13 weatftd by a high local electric field. 
Dendrite 1 5 may be allowed to grow across the surface of fast lori coriductoV 12 until 
it meets opposing eifectrbde 14. thereby closing the gap and cbirtpleting the electrical 
circuit. Alternatively, dendrite 15 may be halted before it reaches anode 14 by 
6 removing the voltage source or by placing an insulating physical barrier before the 
anode. As long as dendrite 1 5 does not touch oppoate electrode 1 4. its growth can 
be easily stopped and retracted by reversing the voltage at electrodes 13 and 14. 
Changes in the length of dendrite 1 5 affect the resistance and capacltanc6 of f*MC 
TO: these chanfles may then be easily detected using simple circbitry known in the 
ro art. Ariether important characteristic of dendrite IS is its rion-volatility; metal 
defrtdrite 1 5 remains intact when the voltage is removed from' electrodes 13 and 1 4. 

With cominoed referehceto flGS. 1A and IB, in a preferred embodiment where 
f *st ion coiiductor 12 comprises As^Sj^Ag, anode 14 comprises silver such as a solid 
siW layer or a sih/er-alumirtum bflayer; this allows for rapid dendrite growth to occur 
15 at a relatively low electric field as anode 14 acts as a sacrificial electrode. Cathode 
13 may be a solid silver layer, an aluminum layer, or a sih/er-aluminum bilayer, and 
in some configuratidns aluminum is the preferred material. If electrodes 13 and 14 
comprise sihrer (e.g. pure silver or ah aluminum-sih^er bijayer), dendrite 15 will grow 
f rbm the electrode that is connected to the hegathre side df the poWer supply; when 
20 f hfe voltage is reversed, the previous dendrite is dissolved or retracted and a new 
dendrite grows from the opposite electrode. Alternatively, if cathode 1 3 comprises 
aJuminum and anode 14 comprises pure sih^er or a &;ih^er;aiumihum bilayen dendrite 
15 Will only grow from cathode 13; when the voHage polarity is revefsed, dendrite 
15 will retract towards cathode 13 but little or no dendrite growtb will occur from 
25 opposite electrode 14. If anode 14 or both cathode 13 and anode 14 comprise 
aluminum Or another non-dissolvirig metal (e.g.. gold), growth of dendrite 1 5 becomes 
extremely slow and requires a high applied voltage. 

With continued reference to FIGS. 1A and IB. the growth rate of dendrite 15 
is a function of the applied voltage and time. Low vohages result in relatively slow 
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growth whereas higher voitaige^ produte extfefttfeiy rajiid growth. Irt small geOmetry 
devices (Ke.> a few microns in width), vOltaQfes in the rrfr>ge of approximately 0.5 
volts to 1 .0 volts produce single dendrite structures with growth rates greater than. 
1 d'^ rn/s While voltages in excess of 10 volts can produce a 'sheet" of dendrite 15 
5 between electrodes 1 3 and 14, rather than a single dendrite. 

With continued reference to FIGS. 1 A and IB, a soft, polymeric coating (hot 
shown) such as polyimide or novolac may be disposed Over fast ion conductor 12 and 
electrodes 1 3 and 14 for prbtbcting PMC 10 frorri moisture or physical damage while 
still allowing growth of dendrite 1 5. 
ID ftef erring now to FIGS. 2 and 3, graphic representations show the relationship 

in: a PMC between resistt^nce and tirne and capacitance and time, respectively. The 
PMC us^ to obtain these results Was a relatively large device (i.e. approximately 1 2 
rhiciroiis from electrode to elettTodB); nevertheless, thesfe results provide a fair 
oVfelVi&w of the general feledtrical oHaf ScterEstlcs Of the PMC. 
15 With specific reference to FIG. 2, a curve 32 represents the relationship 

between the resistance and tiriie of the PMC. Before any voltage is applied to the 
elebtrodfes of the PMC, the resistance of the PMC is approximately 2.65 megohms. 
When a small 0.7 volt bias is applied to the electrodes as a series of 0.5 second 
pufe^s, the resistance of the PMC demonstrates ah inversely proportional relationship 
>0 to thfe length 6f time the Voltage is applied to the electrodes. For example, the 
resistance value after 4.5 seconds of applied voltage has decreased approximately 
550K ohrns to approximately 2.1 rhegohtns. ffreater chahges irt the resfetahce valiie 
are abhi^ved when a smaller PMC device or larger Voltade^ arfe uSfed. 

With reference now to FIG. 3, a curve 42 shows the reldtiohshlj> between the 
15 capacitance of the PMC versus time. At approximately 0.5 secorids of an applied 0.7 
volt bias, there is approxtrnately 0.45 picofarads of capacitance for the PMC device. 
When 0.7 volts is applied to the electrodes as a series of 0.5 second pulses, the 
capacitance of the PMC then rapidly increases to approximately 0.9 picofarads after 
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4.5 seconds. The capacitance Increase Is even greater If a smalter PMC device Is 
used or larger voltages applied. 

With reference nov* to FIGS. 4A and 4B, a vertically cohflgured PMC 20 Is 
.llustrated in accc^rdahce With anoth 
5 the lateral configor.tioh of FIG^. 1A end IB is easier to fabrldate artd has a lower 
assocated manof ecturirtg Cost, the vertical configuration provides the advantages of 
a muph more cornpact device. FIG. 4A i. a plan view of PMC 20 In the vertical 
conflguratloh a^d FIG. 4B i. a cro..-seotiOnal view of PMC 20 taken from line 2-2 of 
FIG 4A. 

16 ^•«»'*"t»'"^dreferehce to FIGS. 4A and 4B, an electrode 23 {e.9.. a cath^^^ 

and electrode 24 (e.g.. an ar>ode) are positioned apart from each other in parallel 
Plarms. a lest ion OOhduetor 22 Is disposed or sandwiched between electrodes 23 
and 24. Wheh a voltaSe Is a**lied to cathode 23, a dendrite 25 grow, from cathode 
23 along the .brfaoe of fast ion conductor 22 towards anode 24. In a preferred 

15 embodiment, a supporting substrate 21 is provided adjacent electrode 24 or 23 to 
supiiort and give rigidity to PMC 20. 

If. Mi»tal DerMlrite Memory 

As described above, a PMc may be ImNemehfed in various different 
technologies. One such application Is in merhory devices. 
20 Turning now to FIGS. 5A .nd 5B, an exemplary memory feell or metal dendrite 

rnemory,-MOM;) oell 50is shown In a lateral or horizontal cor^fl^^^^^^^^ R6 SA 
.s . Pl^ View of MDM m .hd FIG. 5B is a Oross-settlorTal vfew of MOM SO taken 
frdm line 5-5 Of FIG 5A. In this illustrated embodlmertt. MDM 50 comprises a 
. substrate 51 which provides the physical support for the memory cell or device. If 
substrate 51 is noh-insu,ating or otherwise incompatible with the materials used in 
MDM 50. an ih.ul.tor 56 may be disposed on substrate 51 to isolate the active 
Portioh of MDM 50 from substrate 51 . Next, a fast ion conductor 52 is formed on 
substrate 51 lor Insulating layer 56 if an insulator is used). Fast ion conductor 52 is 
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aipfpropriately pmeifim tb prbvfde isolatioii from memory ceUs or devices which may 
adjaCfeW to cell SO. 1^,6 dimension^; (eig. length, width and thickness) of fast ion 
cohduiit6r 52 will deterrtMrie, in part, the electrical characteristics of MDM 50. For 
example, if fast ion cbnductbV 52 is thin and has a length gre&ter than its width, the 
5 resistance value of MDM SO will be greater than the resistance value if fast ion 
fcdridiidtor 52 was thick and Its width was greater than its length. 

With continued refererice to FIGS. 5A and 5B. the electrode materials are then 
deposited on coriductor 52 arid appropriately patterned to form electr&de 53 (e.g., a 
cathode) and electrode 54 Je.g., an anode). When a voltage is applied to cathode 53 
Id arid anode 54. a dendrite 55 grows from cathode 53 along the surface of fast ion 
conductor 52 towards electrode 54. The dimension and shape of electrodes 53 and 
S4 will have an effect on the electrical characteristics of device 50. For example, if 
electrode 53 is narrow or c6mes to a point, the electric field around electrode 53 will 
be high and grovuth of dendrite 55 will be rapid. On the other hand, if electrode 53 
15 has a broad configuration, the electric field at electrode 53 win be relatively small and 
the growth rate of dendrite 55 from electrode 53 will be slower. 

With dontinued reference to FIGS. 5A and 5B. an insulating layer 59 is next 
deposited on device 50. This insulating layer 59 protects the active area of MDM 50 
frorti mechahical d^Sge ot chehnical contamination. Holes 35 are then appropriately 
20 provided in insulating layer 59 so as to allow a contact 57 and a contact 58 to be 

Electrically coiipled with electrode 53 arid electrode 54. respectively, 
y With cohflirioid reference to FIGS. 5A ahd SB. a person of skill in the art will 

recogrtiz^ thdt this is hot the dnly possible cortfigbration or methdd for constructirtg 
& leteral MDM device. I^or example, eh alternate configuration for MDM 50 may 
125 cornprise forming electrodes 53 and 54 on substrate 51 and forming fast Ion 
conductor 52 over these electrodes. In this configuration, dendrite 55 will grow 
.'alorig the iriterface between substrate 51 and fast ion conductor 52. 

Turning now to a consideration of FIGS. 5C. the device shown there is similar 
to the memory cell or metal dendrite memory cell of FIGS. 5A and 5B. but in which 
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daditiohal electrodes 3re provided. Specifically, andreferrihg now to FliBS. 5C. MDM 
0611250 comprises an insulator/substrate portion 251 supporting a fast ion coiiductor 
2^2. As was the case wfth the construction referienced in FIGS. 5A and 5B, fast ion 
Cbndudtbr 252 is appropriately patterned to provide isolation from multiple adjacent 
5 cells or devices. Elei:trode mat^ridls are then deposited and patterned to form 
elfectrdde 253 functiohih^ ss d cathode and electrode 254 furictioning as an anode. 
When £i voltage is applied to cathode 255 ahd anode 254. a dendrite 255 grows 
along the surface of fast ion fcdnductor 252 towards electrode 254 as shown in FIGS. 
5C AS was the case with the arrangement of FIGS. 5A and 5B, contacts 257 and 
to 258 are provided contacting the cathode 253 and anode 254. respectwely. 
Additionally, and as shov^n in FIGS. 5C, two additional electrodes 260 and 262 are 
provided, with respective contacts 264 and 266. Actually, rr» accordance with this 
aspect of the invention either one or the other or both of the electrodes 260 and 262 
rtiSy be provided, although the presence of both is shown in FIG. 5C. 
1 5 The additional elfectrodes 260 and/of 262 in accordance with this embodiment 

*e provide in the same plarte as the dendrite 255, and are separated by a material 
270 shoWh in FIGS. 5C. which can be either a dielectric material or a resistive 
material. In the case of a dielectric material, the device shown in FIGS. 5C will 
exhibit prograhrtrinable cdpacitahces between electrode 253 and electrode 260. 
20 between electrode 253 and electrode 262, and between electrodds 260 and 262. as 
w^ll & Of course between ejectrodes 253 and 254. The programmable capacitances 
bWwBfen the VaiHblis etectrodes ^ pfO^mM&i by the extant of growth of dendrite 
■■'^55.. 

In the c^se of a situation where tha material 270 is a resistive niaterial. the 
iS device Will exhibit corresponding programmable resistances in accordance with the 
extent Of dendrite growth. Specifically, programmable resistances exist between 
electrodes 253 and 260. between electrodes 253 arid 262. between electrodes 260 
and 262, and of course between electrodes 253 and 254. The magnitude of all 
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resistances wW tktpehd on the length ot the dendrite grown betweeri electrodes 263 
and 254. 

the dev»ce shown in FIGS. 5C can offer several advantages over the device of 
FiGS. i5A and 5B which Only has two electrodes. Specifically, a dc bias voltage can 
5 be applied between arty combination of the electrodes other than electrodes 253 and 
254 without attering the dendrite length and hence the capacitance and/or resistance 
of the device. This has important implications for the use of the device in memory 
arrays and other electronic circuit applications. These same considerations and 
advantages apply to a three electrode, rather than four electrode, device. Dendrite 
10 growth is restricted to occur between electrodes 253 and 254 and never between 
any of the other electrodes. Electrodes 253 and 254 are therefore the programming 
t^rrnihals df the device, with the other electrodes being the output terminals of the 

d'eiriciD. 

Turning now to a consideration of Fl6. 5D, a device is shown in cross section 

1 S similar to the device of FIGS. 5G, but in which the additiohal electrode or electrodes 
is or are provided above the plane of the dendrite, rather than in the same plane. As 
&hown ih.FIG. 5D, IVfDM cell 350 comprises an insulator/substrate portion 351 
supporting a fast ion conductor 352. As was the case with the construction 
referenced in FIGS. 5A, SB, and 5C, fast ion conductor 352 is appropriately patterned. 

20 to provide isolation from rrtultiple ddjacent cells or devices. Electrode materials are 
then deposited and paittierned to fdrrh electrode 353 functioning as a cathode and 
elettrode 354 fiirictioHirig as afh anode. Wheh a voltage is applied to cathode 353 

^ and anode 354, a dendrite 355 grows along the surface of fast idri conductor 352 
towards electrode 354. Cohtaicts 357 and 358 are provided contacting the cathode 

25 353 and artode 354, respectively. Additionally, either one or two additional 
electrodes can be provided, with one of these electrodes 360 being shown in FIG. 5D 
ais situated above the plane of dendrite 355, and having contact 364. The additional 
electrode or electrodes 360 in accordance with this embodiment are separated by a 
material 370 shown in FIG. 5D, which can be either a dielectric material or a resistive 
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HfateriaL In the cas^ 6t a dielectric material, the device shown in FIGS. 5D will 
exhibit prbgrsmYndblife citpdcitances between electrode 353 and electrode 360, 
Between eleetrode 360 ^own and ahother electrode 362 beneath the fast ion 
. . C6¥»duct6r (not shown) if provided, betwbfen electrode 360 and electrode 354, and 
6 ©f course between eilectrbdes 353 and 354. The programmable capacitances 
between th« various felectrbdes are programmed by the extent of growth of dendrite 
355. 

Irt the case Of a situation Where the material 370 is a resistive material, the 
•device will ^ichibit c6f respending pfoQf ammable resistances in accordance with the 
10 extent of dendrite growth. Specifically, programmable resistances exist between 
electrodes 353 and 360, between electrodes 353 and 362 Cif provided), between 
Electrodes 360 and 362 (if provided), and of course betweeri electrodes 353 and 
354. t)ie maghitdde of all resl^tahces Will depend on the length of the dendrite 
. #bwn bet wefeh electrodes 353 and 354. 
16 the device s|^oWn In FIG. 5D, like that of FIG. 5C. can offer several advantages 

over the device of Fi6S. 5A and 58 which only has two electrodes. Specifically, a 
dfc bias v6lta§e c&h be applied between any combination of the electrodes other than 
Electrodes 3S3 arid 354 without altering the dendrite length and hence the 
capaditsnceafid/or resistance of the device. This has importam implications for the 
20 usb of the device irt memory arrays and Othisr electronic circuit applications. These 
sarnie corfsideifatibns and advantaged epply to a three electrode, as well as a four 
^tegff&fb, deVte^. DehdritS Srttwth is re&tridted to bccur between electrodes 353 and 
364 ^d rt^ver beiW^en arty bf the blher electrodes. Electrodes 353 Qiid 354 are 
ifetefdiTB thii prbgramming Ibrminals of the device, with the other electrodes being 
25 the output terminals bf the device. 

Referring now to FIG. 5E. a device is shown similar to the device of FIG. 5D. 
but in which the additional electrode or electrodes is Or are provided in a plane 
beneath the plane of the dendrite. In FIG. 5E MDM cell 450 comprises an 
insulator/substrate portion 451 supporting a fast ion conductor 452. As was the 
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case Ihthfe preVfeiis eh*6d.Ws/f^ 

<6 provW6isol&tloh frbmrtiuhlp)eadjaMnt cells or deNrfces^ Electrode materials are 
mn deposited ahd patterned to form electrode 453 functlonirig as a caihode ar>d 
Sl^ctrodd 454 fiihctibning as ah anode. When a voltage >s applied to cathode 453 
5 snd ariode 454. a dendrite 455 grows along the Surface 6f fSst ion conductor 452 
towards electrode 454. Contacts 457 and 458 are provided contacting the cathode 
• ; 453 and anode 454, respectively. Additionally, either ohe or two additfonal. 
electrodes c£«n be provided; With one of these electrodes 460 being shov^ in FIG. 5E 
as Situated befow the plane of dendrite 455. Electrical contact to electrode 460 is 
lO not specifically shown in FIG. 5E. but can be appropriately made as knbwn to those 
skilled in this ah through an insulated or isolated via hole thrOufth substrate 45 1 and 
irisiiiator 456. or through ah appropriatfe insulated or isolated via hole extending into 
the electrodfe 46d from the opposite direction, i.e., though portion 470. which can 
be eithfer a dielectric material or a resistive material. In the case of a dielectric 
15 m&teriai. the device shown in FIG. 5E will exhibit nrogram-rnable capscitances 
between electrode 453 and electrode 460. between electrode 460 shown and 
anothfer electrode 4B2 above the fast ion conductor (not shown and if provided), 
between electrode 460 and electrode 454, and of course between electrodes 453 
drid 464. the pf6Qtammabte capacitances between the various electrodes are 
26 pfbgrammed by the extent of grovirth of dendrite 455. 

In the oasis of a situation where the material 470 is a fesistlve rnaterial. the 
. , device Will exhibit Cdtresisibndihg Drogf^VnaWe resistances in. accordarifee with the 
; : ekt^nt of dendrite b^iwih; Spefeffli^lly, programmable resistances exist between 
electrodes 453 and 460, between electrodes 463 and 462 Of provided), between 
25 ele'cfrodes 460 and 462 (it (provided), and of course between electrodes 453 and 
454. The magnitude of all resistances will depend on the length of the dendrite 
grown between electrodes 453 and 454. 

The device shown in FIGS. 5E. like that of FIG. 5C and 5D. can offer several 
advamages over the device of FIGS. 5A ahd 56 which only has two electrodes. 
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. Sfjecifically, a dc bias voKagfe can be applied tetween any combination of the 
felectrtodes other than electrodes 453 and 454 without altering the dendrrte length and 
hfehcfe the capabitahce and/or resistance of the device. This has important 
. implications for the use of the device in memory arrays and other electronic circuit 
5 ..ajSpKcatidns. Thiese s^nie considerations and advantages apply to a three electrdde, 
as well As a fou^ electrode, device. Dendrite growth is restricted to occur betw^een 
felectrbdes 455 and 454 and never between any of the other electrodes. Electrodes 
453 and 4B4 ate therefore the prbgrahDming terminals of the device, with the other 
^ectf6des b6»»|| the outpuit terminals of the device. 
iO tiiffrtirig new to FI6S. 6A and 6B, an exemplary embodiment of a vertically- 

cbnfigurM MdM 60 is shbwn. FIG. 6A is a plan view of MDM 60 and FIG. 6B is a 
cress-sedtibrtdl view of FIG. 6A tak6n from line 6-6. 

With corftiriti^ referferice to figs. 6A and 6B, MDM 60 comprises a substrate 
61 which |>rdv»des lihyfeteal suplpoft for the mertory cell or device and. If appropriate, 
15 an insulator 68 tb insulate substrate 61 from the active portion of MDM 60. 

With cbhtiriued rSferenfce to FIGS. 6A and 6B. an electrode 63 is formed over 
insulator 68. Ne«, afn insulating layer 66 i$ deposited and patterned dvfer a portioh 
of electr&de 63 to form a via hole 69 using processing techniiiues known in the art. 
Via bote 69 serves as the housing for the active area of MDM 60. Next, a fast ion 
20 conductor 62 is deposited within via hofe 69 using conventional techniques so as to 
extend from the tbp of bote 69 down to electrode 63 where it is electrically coupled. 
Thfer&aHer, a via fift 67 such as a pliant insulating material that will not hinder 
dfehdrite grbWtKis used to fill the unfilled portions of via hole 69 to protect the hole 
arid prevent overlying layers or materials frorh filling hole 69. 
25 With continued reference to FIGS. 6A and 6B, an electrode 64 is next formed 

io that at least a portion of electrode 64 makes electrical contact with fast Ion 
conductor 62; Elettrode 64 is preferably formed on a plane parallel to the plane 
formed by electrode 63 and at a right angle. Electrode 64 is prevented by insulator 
68 from making direct electrical contact with electrode 63. When a voltage is applied 
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to elfet(*tr6des 63 and 64, a dehdrltfe 65 grows v^rticatty at the surface of fast ion 
condUGtbr 62 ahd along th6 Irtslde of via hole 69, dendrite 65 extending from the 
cathode (e;g. electrode 63) towards the anode (e.g. electrode 64). 

With cohtiiiue^j rgf efchcfe to FIGS. 6A arid 6B, the vertical configuration of 
S MDM 60 \^ considerably Wore compact than the honzontally-configured m6m of 
FIGS. 5A ahd 5B arid thu^ may be c6nsidered the "high density" configuration, as 
many riidre MDM elements may be fabricated per unit area. For example, in the 
vertical version, multiple alternating aribde and cathode layers with intervening fast 
ion conductors itiay be sta^cked to dramaiically increase storage capacity. Storage 
10 densities in excess of 25 Mb/cm^ are possible with a single vertical structure and 
thiBi^e dfert^jties will dbiible with an anode-cathode-anode arrangement. In such an 
arrahgemeht, the maximum storage density may be limited by the size and complexity 
6f tte column and row decoder circuitry. However, if the MDM storage stack is 
fabricated on art integrated circuit, the whole semiconductor chip area can be 
15 dedicated to row/column decode, sense amplifiers, and data management circuitry 
sirtce the MDM elements will not use any silicon real estate. This should allow 
Storage densities Of rhBiiy Gb/crh^ to be attained. Used in this manner, the MDM is 
essentially aft additive technology that adds capability ahd functionality to existing 
Silicon integrated circtiit technology. 
20 The exemjE>lary MDMs of FIGS. 5 and 6 represent a significant departure from 

converitibnai silicon-based mfcrOelectronics. Silicon is not required for the operation 
^ of the MDM unless control electronics are to be incorporated on to the same chip. 
Al^, the overall manWaibtUrlHg^^^ of ah MDM Is considerably sirftplfer than everf 
the most basic serhibohductor processiftg tedhhiques. With simple processing 
25 techniques coupled With reasonable material costs, the MDM provides a memory 
device with a much lower production cost than other memory deS^ce^. 
1 - PROM and Anti-fuse Applications 

With continued reference to FIGS. 5 ahd 6, MDM 50 and 60 can be utilized as 
PROM type memory devices. Most current PROMs use fusible links which are broken 
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or bl6<Vh daring prdSrafrifning: Once a Rnk Is broken, it canhot be rfeitiade. The 
MDMS of the present inv&«ti6n provide the abUity to make, rather than break, a 
connection. This is more desirable as it gives mbre latitude dnd flexibility; for 
exafnple, even if a wrong link {i.e. dendrite) is made, this link can always be bloWn 
5 like a cbrtverttibhal fuse. Also, the dendrites of the MOMs cah wrthstand many 
rnake/brfe^k dyclesj thus, multiple reprogfammlrig cycles are possible. 

The MDMs of the present ihveritieri may alsb be used ih programmable logic 
arrays l-PUs"). In PLAs, blocks of logic elements such as gatSs or adders are 
formed but are hbt connected. The connections are made to suit a particular low 
TO volume application (e.g. an application which would not justify a custom chip design). 
Traditionally, the final connections between the various logic elenJents are made at 
the prtxJuction facility. However, the MDMs of the present invention would allow 
such PU devices to be -field ^>rogramrnable- as it is relatively easy to electrically 
define hard Connections between sections on the chip with the metal dendrites. 
15 Anti-fuses are alS6 found in integrated circuits wherfe redundancy techniques 

are used to combat process-induced defects and in-service failures. For example, 
complex. highKlfensity circuits such as 64 Mbyte DRAM, have more memory on board 
the chip then is afctually used. If one section of the chip is damaged during 
processing or fails during operation, spare memory may be brought on line to 
20 comper^ste. Typically, this firbcfess is controlled by logic gates on thfe memory chip 
and requires cor^staiVt self-tSstiftg and electrical recohfigurstioh. An M DM in 
Sccbrdahce With the p^esfeht inveritiori ntey Be ir<cofp6,«ed into such merhbry chips 
to appropriately f orm rifew coiinfeetioris in&ide the chip Wheri required. 

in accordance with the present invention, data may be written to PROM 
26 configured MDMs CMDM-PROMs-) by applying a constant or pulsed bias to the 
electrodes of the MDM to promote dendrite growth. The metal dendrite is allowed 
to reach the anode so as to form a low resistance anti-fuse connection. This 
connection changes both the resistance and the capacitance of the memory system. 
The MDM-PROM memory cell may then be easily -read' by passing a small current 
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a fcurt-ent-smai enough net fx> damdg6 the delWrite) thfdUgh the dendrite 
fconnection. 'Eresing- the MbM-f>ROM is eceoitiplished by passing a terge current 
through the dendrite so as to destroy the dendrite and break the conheetion. If 
eribugh metal iof» material still remains between the opposing el^rodes of the MDM, 
5 a new dendrite may be grown later as appropriate. 

In the MDM-PROM. the electrical change b^jween the two dehdrite connected 
electrodes is so great that transistors are riot recjuired at the MDM cells. This is true 
regardless 61 whether a lateral or vertical configured MDM is einpbyed. In the 
vertical or high-density configuration, the memory element size becomes a function 
TO of anode/fast ion conductor/cathode geometry alone. This geometry allows the 
memory of the present invention to be the most compact electrical storage means 
available, much more compact than floating gate or ferroelectric memories which 
require trarisisfors to be part of their storage elements. In addition, both lateral and 
vertical MDM cPnfiguretiom may be formed on virtually any cheinically and 
15 mechariically stable substrate material; if silicon is required for additional circuitry, the 
MDM may simply be formed on a silicon substrate. 

2. SEPROM AppllcatiDhs 

With edntlrfued rSfetence to FIGS; 5 arid 6. the ability to create and control a 
hon^volStile change in ari electrical pararrieter such as restetahce or capacitance 

20 allows the MDM of the present invention to be Used in many applications wWch 
would otherwise utilize traditional EEPROM or FLASH technologies. Advantages 
provided by the present invgfitiori over present E6|i»ftOM.arW FUSH mertibry include; ; 
among others. lOWer production cost and the ability to use flexible fabricatiorf 
techniques which are easily adaptabig to a variety of applications. MDMs are 

25 especially advantageous in applications where cost is the primary concern, such as 
smart cards and electronic invemory tags. Also, the ability to form the memory 
directly on a plastic card is a major advantage in these applications as tWs is 
inipossible with all other semiconductor memories. 
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Further, in accord^nw with the MDM dfewce of the jw^fit liwehtion, memory 
elemenfe may be scaled to less than a few square mfcrorts in Size, the active portion 
bf m device beiftg less than one micron. This provides a signrKaht advantage over 
traditional semiconductor technologies in which each device and its assdciated 
5 interconnbct dan take up sfeveral teng of square microns. 

In accordance with andther embodiment of the present invebtioh, pass 
transistors are Used in the EEPROM configured MDMs CMDM-EEH^OMs-J for 
providing EEPROM devices with DRAM-type densities. Alterriath^ely, the materials 
6f the MDM devices or separate diodes or thin film transistors ("tlTs-) may be used 
10 ih place of the silicbn pass trSnsisibrs to prevent celko-cell short Circuits in an array 
having a plurality of devices. 

In accdrdance with the present invention, data may be written to MDM- 
EEPROMs by applying a constiarit or pulsed bias to the electrodes of the MDM to 
prbmote dendrite g.'owth. The growth of the dendrite changes both the resistance 
IS ^ capacitance of the device, both of which are easily measured. In the MDM- 
EEPROM. ah insulating barrier, such as an oxide wall, may be disposed adjacent to 
the anode to prevent the dendrrte frbm reaching and electrically coupling with the 
anode when a voltage is applied. The MDM-EEPROM cell may then be easily "read- 
ily applying a small AC signal to the MDM device (I.e. altamating the anode and 
20 cathode). This AC signal. Which -wiggles" the dendrite back at»d forth but does not 
fully grow or retract the dendrite, resuhs in a dynamic capacitance and resistance 
: chans^ the low or high .tatds. 'Re>vriting- or -erasing- the MDMl^ErtiOM 

mm ihVblves tha application of a faias vPltage which is oppose to the direfctidn of 
the dendrite growth Ji.e. reversal pf the anode and 6ath«jtfeK in a preferred 
25 embodiment where one electrode comprises aluminum and the bther electrode 
comprises silver, the dendrite will only grow from and retract toward the aluminum 
el«nrode; a new dendrite dPes not form from the silver electrode duririg tha retraction 



event. 
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Since the MDM elemerits exhibit highly nbn-volatile chWScteHstlcs, and since, 
the dendrite position (and h^nce resistance and ca)»adtanc6) is A funMlOh of the 
rhagnitude and duration of the applied voltage, muhtple-st&te br n-state logic storage 
is also possible. In this storage scheme, mt>re than two levels (i.e. bih^ry) m^y be 
5 held in each istorage cell; thus, irifereasihg the oweirail storage density greatly. For 
example. 4-statB stSrage (p&ssible by using four deindrite positicJhs) aHovi^ a doubling 
of memory capacity per unit area for the same storage ceH size. Thus, in accordance 
With the present inverition, MDMs may be able to gtore a continuum of analog, rather 
th^n digital, quantities. The storage of analog values in Conventional memory 
10 technologies is extremely difficult if not impossible. 
3. Military ahd Aerospace Applications 

The present invefStidn has many attributes which lead to other potential fields 
61 »ise. All read/write elebtrohic memories are based on the principle of a charge 
storage. In DRAMs the chSrge is storfed for i> few microseconds, in EEPROMs the 
15 Charge may be stored for years. Unfortunately, there are various processes which 
can change this charge such as ionizing radiation. For example, in military and space 
appBcaitions, alpha particles, when passing through a typical sfemicohductor device, 
leave a charged trail which alters the chafge in the semiconductor device; In the case 
of rtemoify technologies, this leads to soft errors and data corruption. The present 
26 invention, on the other hand, does hot depend on charge storage but on a physical 
change in the materials this material being unaffected by relatively large doses of 
raididtion. in dther words, the present invention is radiatioh h&rd. this provides 
Sigiriificant adx^ahtagei f6r fniiitary and ^pace systems as well as many high^ihtegrity 
cbrnrnercial systeniS^uch as aircraft and navigation systems. 
25 4. Synthetic NeUral Systems 

Another application of the present invention is in synthetic neural systerhs 
i'SNS"). SNS devices are based on the workings of the human brain and are 
destined to become the next generation ol computing and control devices. SNS 
devices rely on the ability to make connections between elements as part of a 
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"learning- process. Connections are formed betv^ten the n«)st acth^e clrc^^ 
(i.e. those nodes which have signals present for a majority of the time), the 
'trair^lng- of the systems, by the application of input, results in a form of hard-wired 
logic. However, this type of system is extremely difficult to achieva with 
5 cowvervtional silicon-based devices. On the other hand, in accordance with the 
preser^t invention, SNS systems comprise MDMs. Because formation of a dendrite 
depfends on the presence of a voltage signal, connections naturally form between the 
rnost active nodas as the dendrites grow toward the electrodes which have voltage^ 
applied to th«m: m ddditior,, the strength ol the connection, goverhed by its 
10 capadtahce.will depend Oh the strength of the input. This dir^able analog ,r»mory 
effect is another significant aspect of the present invention. 

Ml. Programmable Rasisfante/Capadtance Devices 

ftef erring now to FIGS. 7 and 8, an exemplary programmable resistance and 
capacitance rPR/C) device is shown in accordance with the present invention. 
l!> FIGS. 7 A and 78 are plan and crbss-sectlonal views, respectively, of a lateral type 
device. FIGS. 8A ahd 8B are plan and cross-sectional views, respectively of a 
vertical-type PR/C device in accordance with another embodiment of the present 
invention. 

With specific reference to FIGS. 7A and 78, an exemplary PR/C device 7^ is 
20 Shown in a lateral or horizontal configuration. FIG. 7A is a plah view of PR/C 70 ahd 
FIG. 7B is a cross-sectional view of PR/C 70 taken from line 5-5 of Fl6. 7A. In this 
.illustreted erhb6dirir,em, PR/G 70 comprises a substrate 71 which provides the 
physical support for the PR/C device. If substrate 71 is noh-insulatihd or otherwise 
incompatible with the materials used in PR/C 70, an insulator 76 may be disposed on 
25 substrate 71 to isolate the active portion of PR/C 70 from substrate 71 . Next, a fast 
ion cohductor 72 is formed oh substrate 71 (or fom,ed on insulating layer 76 if 
insulator 76 is used). Fast ion conductor 72 is appropriately patterned to provide 
isolation between adjacem PR/C or other devices. The dimensions (e.g. length, width 
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and thiGkiiess) of fast ion cbifuJuctor 72 will effect the elecitrical charecteristrcs of 
PWC 70. For example, if fast ion conductor 72 is thin and has a length greater than 
hs Width, the resistance value of PfVC 70 will be greater than the resistance value If 
fast ion conductor 72 was thick and its width was greater than its length. 
5 With continued reference to FIGS. 7 A and 7B, electrode materials are then 

deposited on fast ion conductor 72 and appropriately patterned to form electrode 73 
(e.g., a cathode) and electrode 74 (e.g.. an anode). When a voltage Is applied to 
Cathode 73 and anode 74, a dendrite 75 grows from cathode 73 along the surface 
of fdst ion conductor 72 towards electrode 74. The dimension and shape of 
10 electrodes 73 and 74 contribute to the characteristics of device 70. For example, if 
electrode 73 is narrow or comes to a point, the electric field vi;ilt be high and growth 
oi dendrite 75 from electrode 73 will be rapid. On the other hand, if electrode 73 has 
& broad configuration, the electric field at electrode 73 is relatively small and the 
grovirth of dendrite 55 from electrode 73 will be slower. 
16 Vyith continued reference to FIGS. 7A and 7B, an insulating layer 79 is next 

deposited on device 70. Insulating layer 79 protects the active area of PR/C 70 from 
mechanical daitiage or chemical contamination. Holes 125 are then appropriately 
iorovlded in insulating layer 79 so as to allow a contact 77 and a contact 78 to be 
Electrically coupled with electrode 73 and electrode 74. respectively. 
20 With continued reference to FIGS. 7 A and 7B, a person of skin in the art will 

recogniife this is not the only possible configuration or method for constructing a 
lateral Pfi/C device. For example, an alternate configuration for PR/C 70 comprises 
fbrWng electrodes 73 ahd 74 on substrate 71 and then forming fast Ion conductor 
72 on fof) of thesie electrodes. In this case, dendrite 75 will grow alorig the Interface 
25 between substrate 71 and faist ion conductor 72. 

As discussed earlier in connection with FIGs. 5C, 5D. and 5E, and focusing on 
metal dendrite rhemory (MDM) devices, devices in accordance with some 
eitibodiments of the hrivention include an electrode or electrodes additional to the two 
electrodes utilized to program dendrite growth, which can be used for "outputs" of 
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thfe devices. These .re iHustrated in FIGS. 5C. 5b and 5D, and the same structures 
are applicable for providing progranr*nable capacitance and resistant elements in 
contents other than memory elements and for appropriate application anywhere 
capacitarice and resistance elements are utilized. 
5 Turning now to FiGS. 8A and 8B. an exemplary embodiment of a vertically, 

configured PR/C 80 is shown. FIG. 8A is a plan view of PR/C 80 and FIG. 8B is a 
cross-sectional view of PR/C 80 taken from line 8-8 of FIG. 8A. 

With continued reference to FIGS. 8A and 8B. PR/C 80 comprises a substrate 
81 which provides the mechanical support for the programmable cell or device and 
10 if appropriate, an insulator 88 to insulate substrate 81 from the active portion of PWC 
80. An electrode 83 is then formed over insulator 88. Next, ah insulating layer 86 
« d^OSited and patterned over a portion of electrode 83 to form a via hole 89 using 
processing techhiques known in the art. Via hole 89 is used for housing the active 
area of PR/C 80. Next, a fast ion conductor 82 is deposited within via hole 89 using 
15 cohventiohal techniques so as to extend from the top of hole 89 down to electrode 
83 Where it is elecuically coupled. Thereafter, a via fill 87 such as a pliam insulating 
material that will not hinder dehdrite growth is used to fill the unfilled portions of via 
hole 89 to protect hole 89 and prevent the elecUode to be fom,ed above from filling 



hole 89 

20 



With continued reference to FIGS. 8A and 88. an overlying electrode 84 Is next 
formed so that at lea« a portion of electrode 84 makes electrical coritact with fast 
. .Oh conductor 82. Electrode 84 is preferably fom>ed on a plane parallel to the plane 
formed by electrode 83 and et a right angle. Electrode 84 Is prevented by insulator 
86 from makirtg elefclrical cor.tact with electmde 63. When a voltage is applied to 
25 electrodes 83 and 84, a dendrite 85 grows vertically at the surface of fast ion 
conductor 82 and along the inside of via hole 89. dendrite 85 extending from the 
cathode {e.g. electrode 83) towards the anode (e.g. electrode 84). 

With cOhtinued reference to FIGS. 8A and 8B. the vertical configuration of PR/C 
80 ,s considerably more compact than the horizomal configuration of FIGS. 8A and 
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SB and thus may be considered the "high density configuratidn, as many more PR/C 
elfernents may be fabricated per unit araa. For example, in the vertical version, 
multiple alternating anode and cathode layers with. intervening fast ion conductors 
may be stacked to dramatically increase the number of elements per unit area. 
S With reference how to FIGS. 7 and 8. the PR/C devices of the present invention 

are typically constructed so as to be physically larger than the MDM devices of R6S. 
5 and 6 s6 that a greater parametric variability may be attainable. The PR/C devices 
6f the present invention are -programmed' using a DC voltage; consequently, a small 
. signal AC voltage would not affect the dendrite condition and hence the resistance 
10 or capacHancfe would not vary. These prograrrtmable devices may be used as tuned 
circuits in general (e.g., frequency selection in communication systems, lone controls 
ahd audio systems, voltage controlled filter circuits), voltage controlled oscillators 
fVCOs"). signal level (e.g.. volume controls), automatic gain controls CAGC). and 
the Hk6. 

5 With continued reference to FIGS. 7 and 8. the exemplary PR/Cs represent a 

significant departure from conventional silicon-based microelectronics. In fact, silicon 
is not even required for the operation of the PR/C. Also, the overall manufacturing 
J>rocess is considerably simpler than even the most basic semiconductor processing 
techniques. Thie simple processing techniques coupled with reasonable material costs 

0 provide a devme with a low production cost. 

.IV. Eii^ctriD Optii^ Devices 

In accordance with the present iriventitan. PIWC devices mby also be 
incorporated in electro-optic applications by utilizing broad dendrite grbwih between 
Widb electrodes at high applied voltage. 

With reference now to FIGS. 9A and 9B. an exemplary optic device 90 is 
shown where FIG. 9A is a plan view of optic device 90 and FIG. 9B is a cross- 
sectional view of optic device 90 taken from line 9-9 of FIG. 9A. In this exemplary 
enribodlrnent. device 90 comprises a substrate 91 which provides the mechanical 
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support for th^ optic device. Next, . fast ion conductor 92 is formed on substrate 
91, fast idn conductor 92 being appropriately patterned to provide isolation between 

adjacent cells or other devjces. 

With continued reference to FIGS. 9A and 9B. electrode materials are then 
6 deposited on fast ion conductor 92 and appropriately patterned to form electrode 93 
<e.g. , a cathode) and electrode 94 (e.g.. an anode), the configuration of electrodes 
93 and 94 are rnuch broader in width than the electrodes of the horizontal MDM of 
R6S. 5A and 5B. When a large voltage (i.e.. voltage greater than 5 volts) is Applied 
, t6.eleetr6des &3 .nd 94. a 'sheet" of metal dendrite 95 is produced, dendrite 95 
JO growing from caffiode 93 along the surface of fast ion conductor 92 towards 
efectrod^ H Dendrite sheet 95 may be used as a shutter to block the passage of 
light through an optical cell or as a mirror to reflect light incident on the back or from 
surface of dptic device 90. 

With cohtinued reference to FIGS. 9A and 9B. a transparem window 99 is 
1 5 formed ov^ dendrite 95. A contact 97 and a contact 98 are then electrically coupled 
with electrode 93 and electrode 94, respectively. 

With continued reference to FIGS. 9A and 9B. a person of skill in the art will 
recognise there are other possible configurations or methods for constructing an 
electro-optic device in afccorddnce with the present invention. 

20 V. Light and Short Wsvblfength Radiation Sensors 

With reference how to FIGS. 10A and lOB, an exemr>lary light and short 
. .. wavelength r^iationr^nsorl^ is described where FIG. 10A represents a plan view 

Of Sehsor TOO ahd FIG. 1 OB illustrates a cross-section of s««6r 100 taken frorh line 

10-IOof FIG. 10A. 

^5 With continued reference to FIGS. 10A and lOB, sensor 100 comprises a • 

substrate 101 which provides the support for the sensor device. If substrate 101 is 
hon-lnsulating or otherwise incompatible with the materials used in sensor 100 an 
msula.oi' 106 may be deposited on substrate 101 to isolate the active portion of 
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s^rtSor rdO from substtate 101. Next, a fast ion conductor 102 is formed on 
Stibstratfe 101 Cor formed 6r> insulating Jayer 106 if an insulator h used). The 
dirhen§i6»is (e.g. length, width and thickness) of fast ion conductor 102 will 
/deterVniniB. iri^part, the electrical characteristics of sensor 100. For example, if fast 
6 Ion conductdr 1 02 is thiri arid has a length greater than Hs width, the resistance value 
6f sensor 102 will be greater than the resistance value if fast ion conductor 72 was 
thick and its width was greater than its length. 

Whh continued reference to FIGS. lOA and 10B. electrode materials are then 
deposited on fast ion conductor 102 end approMately patterhed to form electrode 
0 1 03 (e.g.. a cathode) aihd electrode 104 (e.g.. an Shode). When a voltage is applied 
to cathode 103 and anode 104, a dendrite 105 grows from cathode 103 along the 
surface of fast ion conductor 102 towards electrode 104. The dimension and shape 
6f electrodes 103 and 104 contribute to the characteristics of sensor 100. For 
example, if electrode 103 is narrow or comes to a point, the electric field will be high 

5 and growth of dendrite 105 from electrode 103 will be rapid. On the other hand, if 
eledtrode 103 has a brOad configuration, the electric field at electrode 103 is 
relatively srhail dlid the grov»th of dendrite 105 from electrode 103 will be slower. 

With cohtinued reference to FIGS. 10A and lOB, a transparent window 109 
Is n«Jt formed ov» electVodes 103 and 104 and over the region reserved for dendrite 

6 105. Holes 145 are then appropriately provided in window 109 so as to allow a 
contatt i07 and a comaW 108 to be electricalhr coupled with electrode 103 and 

. -6l6i(itrod6 104,.r^e6iiv«ly. 

«^^»t'""edrfe^^ 

110 eriters jSetedr 100 through window 109. the growth and dissolution rate of 
dendrite 105 i^ sensitive to visible light in the orange to violet range as well as to 
shorter Wavelengths, particularly ultraviolet; the growth rate of dendrite 105 is much 
less sensitive to Wavelengths below uhraviotet. Light of short wavelength 1 10 which 
is incident on transparent window 109 enhances the ionization of the metal during 
growth or dissolution of dendrite 105 and hence the time to grow or dissolve dendrite 
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m isfedticed. this tfm& difference maybe detected by etecuonic means and then 
r6laitfed f o the intensity of the incident radiation. 

Whh continued reference to FIGS. lOA and 10B, a person of skill in the art will 
rfcoghizb this is riot the only pbssible configuration or method for constructing a 
5 sensor device. For example, an alternate configuration for sensor 100 comprises 
formihg electrodes 103 and 104 on substrate 101 and then forming fast Ion 
cdridufetor 102 on top of these electrodes. In this case, dendrite 105 v.j|| grow along 
the mtSrface between substrate 101 and fast ion conductor 162. 



to 



"V. CbnchislDh • 

Thus. in . accbrdancfe with the present invention, a low cost, highly 
rhartdfadturable device is obtained that may be employed in a variety of applications 
SUfeh as memory devices, programmable resistor and capacitor devices, optical 
devices, sensors, and the like. 

Afthbuah the present invehtion is set forth herein in the context of the 
sjifSended drawing figures, it should be appreciated that the invention is not limited 
tb the si>eclfic forms shovim. Various other modifications, variations, and 
(enhancements in tho design, arrangement, and implementation of, for example, the 
PMC, as set forth herein may be made without departing from the spirit and scope 
of the present inventidn as set forth in the appended claims. Furthermore, one of sklH 
20 in the art will abpreclate that various other applications artd uses exist for the PMC 
device besides the specific exaifn^les glv^. 
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What is clairhed is: 

i. i^ogra»mjiniabti& M^ldmzatibn Cell 

1 . A pf bgrbrhmable rrtetalHzdtion cell comprising a body formed of a fast 
5 iori conductor rtiaterial having metallic tons disposed thereirv, a plurality of conducting 

electrodes depositis^d on said body of material, said electrodes adapted to have a first 
. . V6lta&6 applied betweeh two of said electrodes to program the cell by growing a 
metallic dendrite frbrti the negative of the two electrodes tdwafd the poshive of the 
tWo electrodes while the first voltage is applied thereto. 

2. A programmable metallization cell In accordance with Claim 1 , wherein 
said two electrodes are adapted to have a second voltage, opposite in polarity to said 
inti voltage, applied thereto to reverse growth of the metallic dendrite while the 
seebrid voltage is applied thereto. 

3. A programmable metallization cell in accordance with Claim 1 , including 
=15 an electrical insulating riiaterial Interposed between said two electrodes to inhibit 

meit&ilic dendrite growth so that the rtietdllic dendrite grown from one electrode can 
nbt grow to a point where It contacts the other electrode. 

4. A prograittfneible metaflizatfoh ceil in accordance with Claim 1, wherein 
; said fast ion cbridiifetor lis formed froth a rnetal ion-containing glass. 



^' A programmable metallization cell in accordance with Claim 1, wherein 
said fast ion conductor is formed of a chalcogenide-metal ion material selected from 
the group consisting of sulfur, selenium and tellurium. 
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6. A i>ro9rahim-able nttetaUizatibri ceil in secbrdaricb witii Clafm 5, wherein 
said chajcog6nide-it.etai idn materia) contains a metal seiefcted from the group 
coh'sistirtg of 6foupi IB and Grdiift IIB metals. 

7; A firo^ramiriable metallization cell in accordance with Claim 5, wherein 
5 said chalco^enidg-metal idn niaterial contains a metal selected from, the group 
c'bn^isting of sih^er, copper and zinc. 

8, A prdgrammable metallization cellin accordance with Claim 1. wherein 
said fbia ion c6«ductor is formed of a chalcogenide-metal ion material tonsisting of 
Sr^einic trisulphide-sihmr. 



10 



9. A programmable rhetalfization cell in accordance with Claim 1 . wherein 
said fa^ ibn bbhdubtor cohiprises A^AsiSj. 



10. A method of forming a programmable rhetalliZdtion cell comprising the 
steps Of providing a body fbrmed of a fast ion conductor material having metallic ions 
disposed therein, and providing a plurality of metallic electrodes deposited on said 

15 body of material. 

11. A method of programming the programmable metafllzitlon cell of Claim 
10, including the additional step of apjjlying for a predetermined timfe a first voltage 
between two of said plurality of electredes to establish a negative electrode and a 
positive electrode to grow a metal dendrite f rbm the negative electrode to the posHive 

20 electrode duririg the predetermined time of application of the voltage. 

1 2. A method Of altering the programming of the programmable metallization 
cell Of Claim 1 1. by application of a second vohage for a predetermined time to said 
two electrodes. 
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i3. AmethodoUftenrvgtheprograminingoftheprd^^^ 
ceil of Claim 12, by applying a second voltage of the same polarity as tfie first voltage 
to further grow if)6 m^tal dendrite from the negative electrode to the positive 
electrode. 

5 14. Amethod6faherir)gthepVogr3mnr.ingoftheprograrnrhablemetalli2a«^^ 

fceil of eiairrt 12, by applying a second voltage of a polarity opposite to the first 
Voltage io tev&S6 the metallic deridrite growth. 

i 5. A cell having programmable electrical characteristics cornprising: 
a fast idn conductor material having a surface; 
"•0 an anode (fisposed at surface; 

a cathotfe disposed at said surface a set distance apart from said anode; 

a dehdrite formed at said surface and electrically Cbupled to said 
caihdde, said dehdrite having a length defining electrical characteristicg of said cell 
and sdid length being eiferabie by a voltage applied across said anode and said 
15 kathode. 

16. The cfeli of daim 15 wherein said fast ion cohductoFrfiaterial comprises 
a ehalcogehide itiaterial selected frorh the group consisting of sulfur, selenium, and 
tellurium. 

17. the cell of claim 15 wherein said fast ion condtetor mateWl comprises 
20 a rriaterial sWebted froiifi the group consisting of sulfur, seieriium arid tellurium and a 

metal selected from Group IB or Group IIB of the periodic chart. 

1 8. the cell of claim 1 7 wherein said fast Ion conductor comprises arsenic 
trisulphide^silver. 
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celf of clairrt i7 Wherein said anbde consists of a metal selected 
from the 9roui> consisting of sifver, copper and zinc, and said cathode compris^ 
aluminum. 

20. th6 tell of claim 19 wherein said anode cdnkists of d sifver-aluminum 
5 bilayerahd said cathode consists of aluminum. 

21 . The ceil of claim 20 wherein said set distahde between said anode and 
sfaid Cdthfrde lis iri the range of hundreds of micror>s to hundredths of microns. 

22. The cell of claim 1 7 wherein said fast ion conductor material is disposed 
between said attode and said Cathode, said dnbde and said cathode forming parallel 

10 planes. 

23. The cell 6f claim 15 further comprising a supporting substrate for 
providing strength and rigidity to said cell. 

24. The cell of claim 1 5 wherein said length of said dendrite increases when 
said voltage is applied aCrd&s said cathode and said anodfe, and said length of said 

1 5 dendrite decreaises When said voHage Is reversed. 

25. The cfell of Claim 24 wherein said lehfrth^ 

decreases at a rate ^r&atfer thdh 10 * m/s when said Volteg^ is approximately 0.5 to 
1*0 vibltis. 



26. The cell of claim 1 5 wherein said dendrite remains imact when said 
20 vblfaige is remOvied. 
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27. the cfeli of claim iSforthe* comprising d^^^ 
characteristics rotated to said lehgth ot sTald dendrHe at appropriate time intervals. 

2£i. the cieil of dam 15 further comprtsing a layer over M 
!?aid fifet ion fedridiictor mataflal. said ahode, said fcathode and 3did dendrite for 
S protecting said cell frehn damage while stil) allowing for changes in said length of said 
dendrite. 

29. A mbthod of forming a programmable c6ll comprising the steps of: 
providing a fast ion conductor material having a surface; 

f oi-fliing an dnode ait said surfacfe; 
1 0 forming a cathode at said surface a set distance apart from said ahode; 

forming a non volatile dendrite at said surfbce, said dendrite being 
eltetrtcally coupled to said cathode and wherein said dendrite has a length defining 
dtectrical characteristics of said programmable cell. 

30. The rhethod of claim id wherein said step of providing a fast ion 
15 cdnductbr itiaterial COiinpriSeS providing a chalcog^ide selected from the group 

eensiSiing of sulfur, selenium, and tellurium, and a metal setetted from Group IB or 
Group IIB of the periodic chart. 

. , 31. The method of claim 30 wherein, said sifep of prdvidlrig a fast ibh 

ctondiifcteit miteHa ddmprises providlhg an arsenic trfsiilphide^^ver rhateri&l. 

20 32. The method of claim 31 wherein said step of providing an arsenic 

trisiilphide^silver material conf,prises the step of illuminating a sih/er film and an 
arsenic sulphide layer with a light of wavelength less than 500 nanometers. 
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33. th6 m^thoiil of cldirh 29 whereiril sdid step df fblrmiri^ ah aftode 
CdiUlfjfrises forming ah dnode of a rtidterial selected from the group consisting of silver, 
copper and zinc, arid said step of forming a cathode comprises forming a cathode 
cdmprisihg a conducting material. 

34. the method of claim 29 wherein said step of forming a cathode 
corhprisfes forming a cathode in a plane parallel to said anode. 

35. The method of ctelnfi 29 further cdmprisihg the st^p 6f providing a 
suppof ting substrate for strength and rigidity to said programmable cell. 

36. The rhetbod of clalrri 29 further comprising the step of providing circuitry 
10 fdr measuring electrical characteristics related to said length of said dendrite at 

appropriate time intervals. 

37. The method of claim 29 further comprising the step df providing a layer 
bVer at least a portion of said fast ion conductor material, said anode, said cathode 
and said dendrite for protecting said cell from damage while still allowing for changes 

1 5 in said length of iaid dendrite. 

38. A method for programming the cell of claim 29 eomprising the step of 
!&ppf^ti^ a vbltdge^feTds^ s&d csthbde arid said artode ds td iribrfea^e 6r decrease 
sSid fengf h 6t said de^^^^ 

39. A programmable metallization cell comprising a body formed of a f^t 
20 Ion conductor material having metallic ions disposed therein, a cathode and ah ariode 

deposited on said body of material, said cathode and anode adapted to have a first 
voltage applied between them to program the cell by growing a metallic dendrite from 
the cathode toward the anode while the first voltage is applied thereto, and further 
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comprising at least one additional electrode provided in the body with an Isolating 
rftaterlal isOldting said at teast one additional electrode from the metallic dendrite and 
fast ton condiJctor, whereby electrical characteristics measured between any two of 
the cathode; ahodfe, and at least one adifitlonai elettrode. vary in accordance with the 
5 growth.of the met^flc dendrite. 

40. A programmable metalfedtion cell in accordance with Claim 39, wherein 
said fast ion conductor material is a chalco9ei>ide selected from the group eonsisting 
of sCilfof, seleriium and tellurium, and said metallic ions are formed from a metal 
. selected from the groiip consisting of sih^ef, coi>per and zinc. 

- A programmable metallization cell in accordance with Clairn 40 wherein 
said isolating material comprises a dielectric such that the electrical characteristic 
Which varies in accordance with growth of the metallic dendrite 
. is capacitancd. 

42. A ^fograrrimable metallization cell in accordance with Claim 40 wherein 
15 said isolating material comprises a resistance material such that the electrical 
charticteri^tic which varies in accordance with growth of the metallic dendrite is 
ir^sistance. 

43. . A. ^rb^rarfitn^bla metalllzatlort C6ll cOmprl^'ng a body forrt)6d of a fast 
ion cdh'duttbr imafteriai foi^rirted of a chalcogenide material selected from the groiip 

20 bon&lsting of sulfur, selehium and tellurium, and having rhetalllc ions selected from 
the group consisting of silver, copper and zinc disposed therein, a cathode and an 
anode deposited on said body of material, said cathode and anode adapted to have 
a first voltage applied between them to program the cell by growing a metallic 
dendrite from the cathode toward the anode while the first voltage is applied thereto. 

25 and further comprising at least two additional electrodes in the body with a material 
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mktmg said two addHiohal electrodes ftbm the metallic dendrHe and fast Ion 
conductor, whereby electHcal characteristics measure betweeit any two of the 
csihode, awode, and two addHi6nal electrodes, vary in accordance with the growth 
of the rhetallic dehdrite. 

5 44. A proQramiriable metallization cell in accordance with Claim 43 wherein 

said isolating materidf conr»prlsBs d dielectric such that the electrical characteristic 
which varies in acciotdahce with growth of the metallic dendrite 
is' cdp'acitance. 

45. A programmable metallization cell in accordance with Claim 43 wherein 
10 said isolating material comprises a resistance material such that the electrical 

characteristic Which varies in accbrdartce with gr6wlh of the metallic dendrite is 
fesistahbe. 

n. Metiaf I Dendrite Memory 

46. A nOn-volatHe memory element comprising a programmable metallization 
1 5 cell in accordance with any of claims 1-9, 1 5-28, and 39-45. 

47. A method for forming a non-volatile memory element comprising the 
steps of formihg a progr^mrinable metallization cell in accordance with any of claims 
ro^^4, and 29-38. 

ilh F*rOgiranftma]ble Reiistancib/CapacHanee Devices 
20 48. A programmable resistance element Comprising a programmable 

metallization c^ll in accordahce with any of claims 1-9. 1 5-28. and 39-45. 
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49. ArnfetH6d6fforit>rrigaf»bgramm*ler6slrtaro^ 

stebs 6f formihg ^ pirtfgraminaUe metallization cell in accordance whh arty of claims 
10-14 and 29-38; 

50. A programmable c&pacitance felement comprising a programmable 
5 ifieiallizaticni cell in accordance with any of claims 1-9. 15-28, and 39-45. 

51 . A method of f<jrmin6 a prbgrammabte c^acitance element comprising 
the steps 6f forming a programniable metallization cell in accordance with any of 
claims 10-14 and 29-38. 
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IV. Electro-optical Devices 

52. An optical device for switching between a light transmitting mode and 
a light blockage or retlfectiHg mode, comprising a programmable metallization cell in 
accordance with any of claims 1 -9. 1 5-28, and 39-45, wherein the two electrodes to 
which a voltage is applied to form said metallic dendrite are of relatively large lateral 
exmt and function t6 grow 6 metallic dendrite of relatively large lateral extent, and 
1 5 in Which said f Sst ion conductor has a least one portion transparent to light of some 
iw&vtelehgth, such tfiat programming of fonnation of said dendrite will selectively 
blofck and unblock li^t transmission through said fast ion conductor. 

. 53. A methbd of fdrming an optic&l swftch cdmprisir^g forming a 
. progrdmrneble hrfetailizatioh cell in aefedrdanfee with dny 6f claims 10-14, and 29-38. 
20 whelreih thfe tw6 efecitrodes betweert which a voltage is applied to program metallic 
dendrite growth have a relatively large lateral extent, and in which said fast ion 
conductor has at least a portion thereof transparent to light of some wave length, 
whereby dendrite growth is selectively controlled to block or unblofck portions of the 
transparent portion of the fast ion conductor to function as an optical switch with 
25 respect to light oriented to pass through said transparent portion. 
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V. yght Sha Short Wwifelen&th fiaifiaiion Se^^ 

54. A radbtion sensor coinprising 9 programmable metallii^ation cfeli formed 
fh accbrdahce with any of claims 1-9. 15:28 and 39-45, wherein said fast ion 
cr6rtduct6Khd§ apohibfi tH6re6^ transparent to light Snd bhdrt w^velen&th radiation 
5 formed In said f^st ibn cbridoctor at a focation aligftad with an axis of dendrite growth 
between said tWo electrodes to which a voltage is applied to prbgram dendrite 
growth, whereby the rate of formation or dissolution of said metallic dendrite in 
regi,ohse to a predetermined applied voltage bet^Veen said two eleetrodes is 
dependent on the light or radiation incident on said transparent portion of said faist 
10 ion conductor, such that said programmable metalliiation Cell functions as a light or 
r'adiation sensor. 

55. A frifeihod of forming a radiation sensor comprising forming a 
prograiTttrnaWe metallizatiOh cell in accbrdahce with any of claims 10-14. and 29-38. 
wherein said fast ion conductor has at least a portion thereof transparent to 
1 5 light oif short wavelength radiation, and wherein a predetermined voltagfe is constantly 
applied to said two electrBrfes. whereby rafb 6f growth or dlssolutiori of said dendrite 
funcffohs as an ihdicatidn of the amount dr iritensity of incidfent light or short 
wavfel6hfltili radiatibn. 
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